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Dryad data: https://dx.doi.org/10.5061/dryad.pb62bk0.abstract: Ecosystems’ responses to changing environmental condi-
tions can be modulated by spatial self-organization. A prominent ex-
ample of this can be found in drylands, where formation of vegetation
patterns attenuates the magnitude of degradation events in response
to decreasing rainfall. Inmodel studies, the pattern wavelength responds
to changing conditions, which is reﬂected by a rather gradual decline in
biomass in response to decreasing rainfall. Although these models are
spatially explicit, they have adopted a mean-ﬁeld approach to grazing.
By taking into account spatial variability whenmodeling grazing, we ﬁnd
that (over)grazing can lead to a dramatic shift in biomass, so that degra-
dation occurs at rainfall rates that would otherwise still maintain a rela-
tively productive ecosystem.Moreover, grazing increases the resilience of
degraded ecosystem states. Consequently, restoration of degraded eco-
systems could beneﬁt from the introduction of temporary small-scale
exclosures to escape from the basin of attraction of degraded states.
Keywords: self-organization, positive density dependence, regime
shift, land degradation, desertiﬁcation, global coupling.
Introduction
Understanding the mechanisms driving critical transitions
between ecosystem states is a key priority for current eco-
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ermcritical transitions between ecosystem states emerged from
theoretical analyses of dryland grazing systems (Noy-Meir
1975; May 1977). In these pioneering studies, a positive
feedback between vegetation scarcity and per capita grazing
pressure yielded the occurrence of alternate stable states and
the possibility of critical transitions between these states at in-
termediate herbivore densities (Noy-Meir 1975; May 1977;
Yodzis 1989; DeAngelis 1992). Subsequent model studies
showed that this positive feedback mechanism still induced
alternate stable states when the herbivore population re-
sponded dynamically to changes in vegetation density, albeit
typically within a narrower range of environmental condi-
tions (van de Koppel and Rietkerk 2000). These studies did
not consider spatial interactions between the abiotic environ-
ment, vegetation, and herbivores. Instead, such mean-ﬁeld
approaches implicitly assume relatively homogeneous vege-
tation cover and random movement of herbivores through
the landscape (e.g., van de Koppel et al. 2002). Nevertheless,
mean-ﬁeld analyses have clearly identiﬁed the potentially
important role of grazing in determining the response of
dryland ecosystems to changes in environmental conditions
(Noy-Meir 1975; May 1977; Yodzis 1989; DeAngelis 1992).
More recent research on dryland ecosystems has focused
on the spatial interactions between vegetation and the abiotic
environment (e.g., Lefever and Lejeune 1997; Klausmeier
1999; HilleRisLambers et al. 2001; von Hardenberg et al.
2001; Rietkerk et al. 2002; Gilad et al. 2007). These models
are in line with observations of vegetation functioning as eco-
system engineers (sensu Jones et al. 1994) by modulating
ﬂows of water and nutrients (Aguiar and Sala 1999; Rietkerk
et al. 2000). Speciﬁcally, these studies showed how transport
of such resources toward vegetated patches creates a scale-
dependent (short-range positive, long-range negative) feed-
back that creates self-organized vegetation patterns at inter-01.012.134 on March 14, 2019 06:13:04 AM
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and van de Koppel 2008). In this case, the alternate ecosystem
states are a patterned and a homogeneous state (uniform veg-
etation cover or bare soil). These insights motivated the hy-
pothesis that spatial vegetation patterns can serve as an indi-
cator of proximity to critical ecosystem thresholds (Rietkerk
et al. 2004). For dryland ecosystems, this hypothesis is partic-
ularly relevant because self-organized vegetation patterning is
commonly observed in these systems (e.g., Macfadyen 1950;
Barbier et al. 2006; Deblauwe et al. 2008, 2012).
Subsequent in-depth analyses of these spatialmodels, how-
ever, emphasized that for a given set of environmental con-
ditions there can be multistability of patterned states (e.g.,
Sherratt and Lord 2007; Bel et al. 2012; Siteur et al. 2014; Siero
et al. 2015). As a result, the response of dryland ecosystems to
changes in environmental conditions becomes more gradual,
because the system can develop into a pattern of different
wavelength (i.e., a pattern with a different distance between
vegetation patches). For example, a system subject to de-
creasing rainfall may undergo a series of transitions toward
patterns of increasingly longer wavelengths (i.e., with larger
distances between patches). Then, the last transition com-
prises a shift from a long-wavelength pattern toward a uni-
form bare state. Importantly, this process leads to a rather
gradual decrease in total vegetation biomass (as shown in
Sherratt 2013; Siteur et al. 2014). Although these transitions
still carry the mathematical properties of a critical transition,
they are not in line with an ecological interpretation of a
large-scale shift from a fully functional to a fully degraded
ecosystem (van de Koppel et al. 2002).
In summary, previous studies have explained semiarid eco-
system transitions either throughmean-ﬁeld approaches iden-
tifying grazing as a driver of large-scale shifts between uniform
states (Noy-Meir 1975; May 1977) or through spatially explicit
approaches identifying ecosystem engineering as a driver of
more gradual shifts between patterned states (Sherratt and
Lord 2007; Bel et al. 2012; Siteur et al. 2014; Siero et al. 2015).
Until now, despite the early emphasis on the role of grazing in
dryland ecosystems, spatially explicit model frameworks have
mostly considered grazing with a constant (per capita) rate
(e.g., Klausmeier 1999; Rietkerk et al. 2002), referred to as lo-
cal grazing, which reﬂects the implicit assumptions made in
mean-ﬁeld approaches. In semiarid ecosystems, empirical ob-
servations show that grazing typically depends on the distri-
bution of vegetation in space (Focardi et al. 1996; Fryxell et al.
2004), thereby altering spatial vegetation structure (Bailey
et al. 1996; Hiernaux 1998; Schwinning and Parsons 1999).
In turn, these changes in vegetation structure may affect eco-
system functioning (Adler et al. 2001) as well as the nature of
ecosystem transitions (Schneider and Kéﬁ 2016). However,
model studies that incorporate grazing pressure in a spatially
explicit way are still relatively rare (but see Swain et al. 2007;
Schneider and Kéﬁ 2016; Siero 2018).This content downloaded from 145.0
All use subject to University of Chicago Press TermIn this study, the grazing pressure at any location is depen-
dent on vegetation elsewhere (Siero 2018). This is an impor-
tant extension, since during foraging herbivores move through
the landscape to optimize intake (Arditi and Dacorogna 1988;
Focardi et al. 1996), whichmay lead to aggregation on locations
with relatively high vegetation (Bailey et al. 1996). We com-
pare three types of grazing within the classical Klausmeier
model for vegetation pattern formation (Klausmeier 1999)
to study how grazing bymobile herbivores affects desertiﬁca-
tion. In the ﬁrst type, the grazing pressure does not depend
on vegetation elsewhere, which corresponds to the original
Klausmeier model and serves as a benchmark. The second
type is a form of sustained grazing, in which the herbivore
population is maintained at a constant size through the pro-
visioning of additional fodder if necessary for survival. The
third type is a form of natural grazing, in which herbivores
rely on consumption for survival and the herbivore popula-
tion size depends on the total amount of vegetation in the
landscape (e.g., Bayliss and Choquenot 2002).
In the Klausmeier model (Klausmeier 1999) and similar
models (Rietkerk et al. 2002; Gilad et al. 2004), vegetation
can exhibit both positive density dependence by facilitating
the availability and uptake of water resources and negative
density dependence by competing for these resources. Graz-
ing by mobile herbivores can also generate positive density
dependence or negative density dependencewithin vegetation.
The interplay between these two phenomena creates novel
dynamics. Speciﬁcally, we found that mobile grazing activity
can initiate abrupt, large-scale shifts in ecosystem states in re-
sponse to changing environmental conditions. Interestingly,
ecosystem degradation did not necessarily imply a transition
toward a state without any vegetation but could also entail a
shift toward a state with a much smaller amount of biomass.
These results show that mobile grazers may fundamentally
alter the behavior of patterned ecosystems, particularly their
response to changing environmental conditions.Methods
Weuse an approach similar to Siero (2018), where the grazing
terms are derived from initially adding a separate equation for
the herbivore density. There, assuming that herbivores move
toward locations where the forage per herbivore is largest, an
ideal free distribution (Fretwell and Lucas 1969) is derived. In
the present article, we assume that herbivores distribute propor-
tionally to the amount of vegetation, so that the amount of veg-
etation per herbivore is constant in space. Such a distribution
has been observed for Serengeti grazers (Fryxell et al. 2004).Modeling Grazing
As spatial domain we choose the one-dimensional interval
[0,L], with x indicating the location. Let n(x) and h(x) de-01.012.134 on March 14, 2019 06:13:04 AM
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Because herbivores move around the domain, grazing is inﬂu-
enced by the mean vegetation density 〈n〉p (
Ð L
0 n(x)dx)=L.
Grazing at location x is determined by the product of the
number of herbivores h(x) and the per capita consumption
FR(〈n〉) (functional response; Solomon 1949; Holling 1959).
By grazing pressure g we denote the ratio between vegeta-
tion intake at a location (grazing) and total amount of veg-
etation present at this location. The grazing pressure is thus
described as
g(〈n〉, x)p
FR(〈n〉)h(x)
n(x)
, ð1Þ
and it is a relative rate with the dimension per time.We refer
to the mean number of herbivores 〈h〉 that can be sustained
by the vegetation as the demographic response DR(〈n〉).
The assumption that herbivore distribution is proportional
to vegetation density, together with 〈h〉p DR(〈n〉), implies
that the distribution of herbivores is given by
h(x)p DR(〈n〉)
n(x)
〈n〉
, ð2Þ
and substitution in equation (1) yields
g(〈n〉)p
FR(〈n〉)DR(〈n〉)
〈n〉
: ð3Þ
We distinguish three types of grazing, with differing
assumptions on FR and DR:
Type I: Local Grazing.Here the grazing pressure g loc ≡ mloc is
constant. This is a choice that has beenmade inmany earlier
analyses, including the original article by Klausmeier (see,
e.g., Klausmeier 1999; HilleRisLambers et al. 2001; Okayasu
and Aizawa 2001; von Hardenberg et al. 2001; Rietkerk et al.
2002; Shnerb et al. 2003; Gilad et al. 2004, 2007; Meron et al.
2004; Saco et al. 2007). It must hold that FRDR p mloc〈n〉 (by
comparison with eq. [3]), which seems to be a nongeneric
relationship between FR and DR, as we are not aware of
any literature that would support this assumption. Con-
trasting this type to the other two types elucidates the effects
of grazing by mobile herbivores.
Type II: Sustained Grazing. The herbivores are kept at a
constant demographic response in a human-controlled graz-
ing system (Noy-Meir 1975; van de Koppel et al. 2002) by
supplying additional fodder as necessary. This means that
DR ≡ himp at an imposed level. The herbivores exhibit a type II
(saturating) functional response (Holling 1959): FR(〈n〉)p
cmax〈n〉=(K 1 〈n〉) depends on mean vegetation density 〈n〉,
with cmax the maximum consumption per herbivore and K the
level of vegetationwhere the functional response is only half cmax.
Based on these assumptions, the sustained grazing pressure isThis content downloaded from 145.0
All use subject to University of Chicago Press Termgiven by gsus p m=(K 1 〈n〉), withmp himpcmax themaximal
grazing rate.
Type III: Natural Grazing. The functional response is con-
stant at a sufﬁcient level FR ≡ csuf for self-maintenance.
The total number of herbivores that can be sustained in a
landscape now depends on the amount of available forage.
Following general theory on energy transfer across trophic
levels (Oksanen et al. 1981), we assume that there is a thresh-
old in available forage above which a sizable herbivore popu-
lation can be sustained. Such a threshold response can be
approximated by a type III (Holling 1959) demographic re-
sponse. So DR(〈n〉)p hmax〈n〉
2=(K2 1 〈n〉2) depends on the
mean vegetation density 〈n〉, with hmax the maximal number
of herbivores and K the level of vegetation where the number
of herbivores is only half hmax.With these assumptions, the nat-
ural grazing pressure becomes gnat pm〈n〉=(K2 1 〈n〉
2), with
mp hmaxcsuf the maximal grazing rate.
The distinction of these three types of grazing is by no
means exhaustive but already allows us to study how differ-
ent grazing responses affect the ecosystem. The only differ-
ence with the usual Holling response functions (Holling
1959) is that the grazing pressure is a function of mean veg-
etation density 〈n〉 instead of some local quantity.
The dependence of grazing pressure (type II and III)
on mean vegetation density creates conditions under which
the vegetation exhibits positive density dependence with re-
spect to grazing. The range of this effect is the whole range
of 〈n〉 for sustained (type II) grazing and 〈n〉 1 K for natu-
ral (type III) grazing (see ﬁg. 1). The strength of the positive
density dependence relates to the slope of g(〈n〉) so that it is
maximal at 〈n〉p 0 for sustained (type II) grazing and at
〈n〉p
ﬃﬃ
3
p
K for natural (type III) grazing.
Including Grazing in the Klausmeier Model
To understand how grazing alters the desertiﬁcation pro-
cess, we include the different grazing terms in an existing
dryland vegetation model. Here we choose the extended
Klausmeier model (Klausmeier 1999; Siteur et al. 2014).
The nondimensional form of this two-component (surface
water w, vegetation n) model on ﬂat ground with grazing
pressure g is given by
wt p ewxx 1 a(t)2 w2 wn2,
nt p nxx 2 (m0 1 g)n1 wn2,

ð4Þ
with the dimensionalmodel and scaling process described in
the appendix.
The terms ewxx and nxx model water diffusion and plant
dispersal, where we choose ep 500 as in Siteur et al. (2014).
The term 2w models evaporation;5wn2 models water up-
take by the vegetation. The parameter a models rainfall01.012.134 on March 14, 2019 06:13:04 AM
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Resilience of Grazed Spatial Ecosystems 475and changes as a function of time (climate change). The ini-
tial level of rainfall ap 3 (∼800 mm year21) is chosen high
enough to sustain a homogeneously vegetated state.
The mortality of vegetation has been split into a non-
grazing part (2m0n) and a grazing part (2gn); in this study,
we choosem0 p 0:225 (∼0:9 year21). For local (type I) graz-
ing, we equally choose mloc p 0:225, so that m0 1mloc p
0:45 (∼1:8 year21), in accordance with Klausmeier (1999).
For the types of nonlocal grazing (type II and III), we choose
maximal grazing rate mp 1:5 (∼1:2 kg m22 year21) and
half-persistence K p 0:3 (∼0:06 kg m22).
This way, initially (at ap 3) there is no distinction be-
tween the different types of grazing. Aswewill see, for all three
types the system starts in the same homogeneously vegetated
state n ≈ 6:5 (∼1:3 kg m22), with g sus ≈ gnat ≈ g loc (p0:225).
Differences later on can thus be accounted for only by the
varying dependency of the grazing pressures on vegetation.
As spatial domain we use the one-dimensional interval
[0, 500] (corresponding to 250 m) with periodic boundary
conditions. In the model runs, we apply white multiplicative
noise of small amplitude 0.05% on both the water and the
biomass component at every integer t to decrease the delay
from destabilization to transition (Siteur et al. 2014). The rain-
fall is slowly decreased from ap 3 to ap 0, with da=dt p
21024. The computer code (GNU Octave/MATLAB), alongThis content downloaded from 145.0
All use subject to University of Chicago Press Termwith all data, is deposited in the Dryad Digital Repository:
https://dx.doi.org/10.5061/dryad.pb62bk0 (Siero et al. 2019).
To study hysteresis and restoration, we also perform amodel
run with slowly increasing rainfall (da=dt p 1024), with and
without exclosures.Results
Overgrazing and Regime Shift
We compare model runs of the extended Klausmeier
model with either local (mloc p 0:225), natural, or sus-
tained (mp 1:5, K p 0:3) grazing. For all three types,
initially (at rainfall ap 3) the grazing pressure g is the
same and the vegetation is spatially uniform. As rainfall
is set to slowly decrease, the homogeneous state becomes
Turing unstable (Turing 1952): a vegetation pattern forms.
The subsequent desertiﬁcation process, leading up to a uni-
form bare desert state, shows striking differences depending
on the grazing type.
For local grazing (ﬁg. 2, left column), a cascade of tran-
sitions to patterns with larger and larger wavelength follows
from right to left (Sherratt 2013; Siteur et al. 2014). During
the process, the mean vegetation density 〈n〉 gradually
decreases (Siteur et al. 2014).
The local grazing pressure gloc does not depend on 〈n〉,
but the sustained gsus and natural grazing pressure gnat do.
For sustained grazing (ﬁg. 2, middle column), the related
positive density dependence becomes stronger and stronger
as 〈n〉 decreases (ﬁg. 1), eventually dominating negative
density dependence, resulting in a regime shift to the bare
desert state.
Likewise, for natural grazing, overgrazing can invoke a
regime shift. But contrary to sustained grazing, the related
positive density dependence is maximal when 〈n〉p
ﬃﬃ
3
p
K
and turns into a negative density dependence for 〈n〉 ! K
(ﬁg. 1), making a low-vegetation degraded state a viable op-
tion (ﬁg. 2, right column). For this type, the grazing-related
positive density dependence is dominant only in the vicin-
ity of 〈n〉p
ﬃﬃ
3
p
K ≈ 0:52.
In summary, overgrazing initiates a regime shift for both
sustained and natural grazing. However, the difference is
that for sustained grazing the regime shift is toward a fully
degraded state, whereas for natural grazing it is toward a de-
graded state that still contains a small amount of vegetation.
For both types, the transition to a degraded state occurs at
higher rainfall compared to local grazing, making the eco-
system less resilient to drought.Hysteresis and Restoration
Reaction-diffusion models of dryland vegetation with local
(type I) grazing are known to exhibit hysteresis: under con-0
m
2K
m
K
0 K √3K 5K
G
ra
zi
ng
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re
, g
Mean vegetation density, ‹n›
Range of positive density dependence
gsus
gnat
Figure 1: Sustained (gsus) and natural (gnat) grazing pressure as a
function of spatial mean vegetation density 〈n〉. For both types, the
grazing pressure is approximately inversely proportional to 〈n〉 when
vegetation is abundant. The function gsus monotonically increases to
m/K as all vegetation disappears, resulting in positive density depen-
dence over the whole range, whose strength (related tominus the slope)
also monotonically increases as all vegetation disappears. In contrast,
gnat initially increases to a maximum at 〈n〉p K (with positive density
dependence up to that point) but then converges to zero for ever smaller
amounts of vegetation. For this type, the strength of the positive density
dependence is maximal at 〈n〉p
ﬃﬃ
3
p
K .01.012.134 on March 14, 2019 06:13:04 AM
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476 The American Naturalistditions of decreasing rainfall, the wavelength is smaller than
under increasing rainfall (Sherratt 2013; Siteur et al. 2014).
Yet the observed hysteresis in mean vegetation density 〈n〉
is only modest in these model studies.
Sustained (type II) or natural (type III) grazing, in combi-
nation with decreasing rainfall, leads to a regime shift (ﬁg. 2),
which in turn is associated with hysteresis (Scheffer et al.
2001). For sustained grazing, the regime shift extends all the
way to 〈n〉p 0, so that the ecosystem ends up in the fully
degraded state. In the extendedKlausmeiermodel (4), this state
is stable for all values of rainfall for all types of grazing. This
means that the transition is irreversible and that the systemwill
not recover in response to increasing rainfall. In othermodels
(e.g., von Hardenberg et al. 2001), recovery to a vegetated
state can occur if rainfall increases beyond a threshold. If a
sustained grazing term is added to these models, recovery
will likely be suspended, however, because of the maximal
grazing mortality incurred for 〈n〉p 0 (ﬁg. 1).This content downloaded from 145.0
All use subject to University of Chicago Press TermFor natural grazing, a small amount of vegetation does ini-
tially survive, and we now study how it responds to increas-
ing rainfall. As initial condition we take the result of decreas-
ing rainfall (ﬁg. 2, right column), stopping at ap2, with only
ﬁve vegetated patches. Starting again but nowwith increasing
rainfall (da=dt p 1024), the grazing pressure remains high
and the number of vegetated patches stays at ﬁve (ﬁg. 3). Only
when a ≈ 3:15 does the positive density dependence related
to grazing dominate negative density dependence. At this
point “undergrazing” leads to extra vegetation, which itself re-
sults in a smaller grazing pressure. As a result, the system un-
dergoes a regime shift to the homogeneously vegetated state.
We conclude that in the presence of natural grazing, for
the same amount of rainfall a (between 2.05 and 3.15), de-
pending on history, two types of states are observable: states
with a relatively large amount of vegetation and low grazing
pressure and states with a relatively small amount of vegeta-
tion and high grazing pressure (ﬁg. 3). Since recovery to ho-local (type I)
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Figure 2: Response of ecosystems under conditions of slowly decreasing rainfall a (da=dt p 21024), starting at ap 3 (on the right side)
with spatially homogeneous vegetation, showing a comparison of (from left to right) local (mloc p 0:225), sustained, and natural (mp 1:5,
K p 0:3) grazing. From top to bottom, vegetation density distribution n(x) (indicated by the color bar), mean vegetation density 〈n〉, and
grazing pressure g are shown. The left column shows local grazing, with a gradual decline in 〈n〉 all the way to very small biomass. Local
grazing pressure is constant (by deﬁnition). The middle column shows sustained grazing, with a gradual decline in biomass up to a critical
point (a ≈ 1:7), at which overgrazing leads to an abrupt shift to a bare desert state. Sustained grazing pressure monotonically increases for
decreasing a until reaching the maximum value m=K p 5. The right column shows natural grazing, with characteristics similar to sustained
grazing except that the abrupt shift (a ≳ 2) is toward a state with low (but nonzero) biomass. Natural grazing pressure likewise leads to
overgrazing but does not grow beyond m=(2K)p 2:5 and for small a (and 〈n〉) returns to smaller values.01.012.134 on March 14, 2019 06:13:04 AM
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Resilience of Grazed Spatial Ecosystems 477mogeneous vegetation occurred at a rainfall a that is higher
than the critical value for Turing pattern formation (ﬁg. 2),
there is a range (a between 2.95 and 3.15) of “tristability” of
the fully degraded state, homogeneous vegetation, and pat-
terns (Zelnik et al. 2018).
The late recovery to the more vegetated state indicates
that restoration at an earlier moment in time could be worth-
while. In drylands where there is still some vegetation cover,
passive restoration techniques, such as herbivore exclosure
for a certain period, can be effective (Yirdaw et al. 2017).
In a rewilding experiment in the Oostvaardersplassen (Neth-
erlands), small-scale natural grazing exclosures were found
to be necessary for sapling establishment (Smit et al. 2015).
Such an approach could also be useful in drylands, as we
show next.
In the right column of ﬁgure 3, we use the exact same
model as in the left column, except that we add three ex-This content downloaded from 145.0
All use subject to University of Chicago Press Termclosures when ap 2:75 and remove these exclosures again
when ap 2:752. The additional biomass produced in these
exclosures is enough so that, after an initial stage of spatial
reconﬁguration, the positive density dependence related to
grazing becomes dominant and the ecosystem converges to
the more productive state autonomously.Discussion
In this study, we have shown that the dependence of grazing
pressure on mean vegetation density inﬂuences how pat-
terned ecosystems respond to changing environmental con-
ditions. Speciﬁcally, for sustained or natural grazing (type II
or III), focusing of herbivores on remaining vegetation leads
to positive density dependence. When this effect dominates
negative density dependencies, (almost) all vegetation dis-
appears at once. As such, desertiﬁcation can be less gradualnatural (type III)
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Figure 3: Recovery of ecosystem under conditions of slowly increasing rainfall a (da=dt p 21024), with natural (type III) grazing (mp 1:5,
K p 0:3) without (left column) and with (right column) temporary exclosures. From top to bottom, vegetation density distribution n(x)
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(on the left), with initial condition taken from the model run of the right column in ﬁgure 2. Continued large grazing pressure while rainfall
is increasing (dark green curve, bottom panel), relative to the grazing pressure while rainfall was decreasing (light green curve), delays re-
covery. The system returns to the homogeneously vegetated state at a rainfall value a ≈ 3:15. The right column shows a model run identical to
that in the left column except for the installation of three exclosures (of width 20∼10 m) at ap 2:75 until ap 2:752 (thus, for 20 time units
corresponding to 5 years). The solid dark green curve depicts the average biomass outside the exclosures; the total average biomass is given by
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478 The American Naturalistthan suggested in other model studies that considered local
(type I) grazing only (Sherratt 2013; Siteur et al. 2014). We
conclude that grazing, when dependent on mean vegetation
density, hampers the ability to smoothly respond to changing
environmental conditions. Consequently, transition to a de-
graded state occurs at higher rainfall, making the ecosystem
less resilient against drought.
Our results provide implications for restoration of dry-
land ecosystems subject to grazing. For natural (type III)
grazing, after degradation due to low rainfall, vegetation is
still present (ﬁg. 2). We have shown in our model how tem-
porary, small-scale grazing exclosures could pave the way
for autonomous recovery to a more productive ecosystem
state at the landscape scale.
The goal of this study was to identify the potential con-
sequences of grazing by mobile herbivores for the resilience
and functioning of dryland ecosystems. Therefore, we used
a modeling framework that maximized the possibility of
inferring cause-effect relationships between grazing and
ecosystem dynamics, an approach in line with the explor-
atory modeling philosophy (Larsen et al. 2014). More spe-
ciﬁcally, we allowed the grazing pressure to depend on
mean vegetation density and included this in the extended
Klausmeier model (Klausmeier 1999; Siteur et al. 2014), one
of the simplest models of vegetation patterning in dryland
ecosystems. Future research could explore to what extent
the observed effects are maintained in more realistic models.
Given that our results can be understood through relatively
general interactions between grazing pressure and vegeta-
tion density, we expect that the observed impacts of grazing
will be relatively robust.
An assumption we made is that herbivores distribute
proportionally to vegetation, so that the grazing pressure
becomes independent of the local availability of vegetation
(Siero 2018). Alternatively, grazing pressure could be rela-
tively small in areas with large vegetation due to associational
resistance (Barbosa et al. 2009). If associational resistance
depends on the amount of vegetation in a local neighbor-
hood, then most of the grazing is concentrated on vegetation
patch boundaries, which also leads to increased risk of cata-
strophic shifts (Schneider and Kéﬁ 2016). The opposite effect,
associational susceptibility (Barbosa et al. 2009), would lead
to disproportionate aggregation of herbivores at maxima in
vegetation. If this effect is sufﬁciently strong, it leads to the
suppression of pattern formation (Siero 2018).
The observation of transitions between vegetation pat-
terns requires satellite images or aerial photography over
a decadal time span (Deblauwe et al. 2011). In a study of veg-
etation bands in Somalia, it was found that either vegetation
bands completely disappeared or wave number changes were
imperceptible (Gowda et al. 2018). As degradation was ob-
served in areas with increasing human activity (Gowda et al.
2018), this might be related to sustained grazing. To test suchThis content downloaded from 145.0
All use subject to University of Chicago Press Termhypotheses, the vegetation pattern and the spatial distribution
of grazing both need to be measured (Adler et al. 2001).
Degradation of dryland ecosystems due to overgrazing
was a key observation that spawned the development of
ecological theory of alternate stable states and ecosystem
transitions between these states (Holling 1973; Noy-Meir
1975; May 1977). Previous studies suggested that pattern
formation could attenuate the magnitude of degradation
events in response to decreasing rainfall (Sherratt and Lord
2007; Bel et al. 2012; Siteur et al. 2014; Siero et al. 2015). Our
current study instead shows that mobile grazers in pat-
terned ecosystems may induce relatively large degradation
events in response to decreasing rainfall, highlighting the
importance of grazingmanagement for sustaining ecosystem
functions and services of drylands in variable and changing
climates.
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Scaling of the Extended Klausmeier
Model with Grazing
We present the scaling used to obtain the nondimensional
model from the dimensional extended Klausmeier model
(Klausmeier 1999; Siteur et al. 2014) with grazing (Siero 2018).
The dimensional model (without advection) is given by

WT p EWxx 1 A2 LW 2 RWN2,
NT p DNxx 2 (M 1 ~g )N 1 RJWN2,
ðA1Þ
where the grazing pressure ~g is given by
~g p ~m loc  for local ðtype IÞ grazing ðA2Þ
and
~g p
~m
~K 1 〈N〉
  for sustained ðtype IIÞ grazing,
~m〈N〉
~K
2
1 〈N〉2
  for natural ðtype IIIÞ grazing:
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ing are scaled as inKlausmeier (1999) and Siteur et al. (2014):
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ﬃﬃﬃ
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The other parameters are scaled as follows:
mloc p
~m loc
L
, mp
~m
L
ﬃﬃﬃ
R
L
r
, K p
ﬃﬃﬃ
R
L
r
~K , ðA5Þ
and the nondimensional extended Klausmeier model with
grazing is given by
wt p ewxx 1 a2 w2 wn2,
nt p nxx 2 (m0 1 g)n1 wn2,

ðA6Þ
with g equal to ~g but with ~mloc replaced bymloc or with ~m and
~K replaced by m and K, respectively.
The values of the evaporation rate L and uptake coefﬁcient
R are given by Lp 4 year21 and Rp 100 kg22 m4 year21
(for grass; Klausmeier 1999), so that (through eq. [A5]) the
dimensional parameters related to grazing correspond to
the nondimensional ones as follows:
~m loc p 4mloc year21, ~m p
4m
5
kg m22 year21,
~K p
K
5
kg m22:
ðA7Þ
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